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The in situ ombination of Sanning Probe Mirosopies (SPM) with X-ray mirobeams adds a
variety of new possibilities to the panoply of synhrotron radiation tehniques. In this paper we
desribe an optis-free AFM/STM that an be diretly installed on synhrotron radiation end
stations for suh ombined experiments. The instrument an be used just for AFM imaging of the
investigated sample or an be used for detetion of photoemitted eletrons with a sharp STM-like
tip, thus leading to the loal measure of the X-ray absorption signal. Alternatively one an an
measure the ux of photon impinging on the sharpest part of the tip to loally map the pattern
of beams dirated from the sample. In this paper we eventually provide some examples of loal
detetion of XAS and diration.
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1 Introdution
SPM tehniques are used in many sienti elds
ranging from biology to materials sienes. Nowa-
days, they are thought to be at the hearth of
nanosienes. They are easy to use, produe high
resolution images of the sample and an unveil many
loal properties of the surfae. Synhrotron Radia-
tion is used instead to probe the atomi and eletroni
strutures of surfaes averaging over the illuminated
area. In the most reent years the use of miro and
nano X-ray beams is steadily inreasing and the join
exploitation of many SPM or SR tehniques appears
more and more desirable.
In miro-nano haraterization it is often neessary
to work on a single objet whose size an vary from
the miro to the nanosale. It is then ovetable to be
able to perform SPM and X-ray experiments on the
same single objet in the same onditions and at the
same time for more systemati and omprehensive
exploration of the miro-nano world.
So far two paths have been explored. A rst one
onsists in installing an UHV SPM hamber that an
be installed on a dediated X-ray beam line [1, 3, 2℄.
The ombination of STM and X-rays is aimed to pro-
vide hemial ontrast in near eld mirosopies [4℄.
Deteting the X-ray indued hange in the tunnel-
ing probability gives to the STM atomi resolution
in topographi mode, and, aording to the authors,
hemial ontrast down to the tens of nm.
The seond path is the one we have hosen at
the ESRF in the framework of the X-Tip European
Projet [5℄. We onsidered that an extensive integra-
tion of SPM tehniques on SR instrumentation ould
be done only leaving the beamlines as they are and
try to adapt a ompat, optis free, AFM/STM on
an end station to perform indierently diration or
spetrosopy experiments. Clearly, the aim here is to
emphasize versatility, ease of use and the largest pos-
sible spetrum of appliations. Diulties are essen-
tially entered on issues of SPM stability, on the pro-
edures for the simultaneous alignment of tip, sample
mirobeam, and nally lateral resolution.
Even though the AFM tip has been used suess-
fully to loally detet X-rays absorption and dira-
tion data, the lateral resolution is still rather limited.
This limitation is solely due to the present tehnial
diulty of shielding the tip rendering it blind, ex-
ept at its apex. One this task is aomplished, the
expeted lateral resolution should be better than 50
nm.
To be mentioned is also the work of Ishii [6℄ who has
taken a dierent approah using sanning apaitane
mirosopy to probe loalized eletrons.
1
2 Experimental Set up
The home built AFM is based on a quartz tuning
fork (TF). Use of tuning forks in SPM design has
been the subjet of vast literature beause they are
widely used in SNOM setups [7℄. In the meanwhile
its use in AFMs has been growing very fast [8, 9℄.
Our instrument operates very muh like a onven-
tional AFM but with a simplied set up: unlike on-
ventional AFMs, where the deetion of a antilever
is deteted by a laser beam, AFMs based on TFs
have the added simpliity that the motion of the os-
illator is deteted diretly by the onversion of the
alternating stress eld inside the quartz piezoeletri
material into harge. Neither a laser nor a photode-
tetor are neessary for the operation of this type of
AFMs. This simplies this type of AFM and makes
it more robust. However, it may be slower beause
of the very high quality fator (Q ≈ 8000 versus Q
≈ 30 for a onventional antilever). In other words,
it shows a very large time onstant (τ ≈ 1s) whih
atually ompensates for their rigidity k ≈ 20 kN/m
(for a onventional antilever this value is about 40
N/m). The sensitivity depends on k/Q and this value
is roughly the same for a onventional AFM Si an-
tilever or a TF.
Typial natural frequenies of the TFs after mount-
ing of the tip are around 30kHz.
The high Q fator of the TF has led us to hoose
PLL (Phase Loked Loop) detetion to minimize the
time needed to aquire an image. In few words, the
PLL helps the TF to stay lose to equilibrium at all
times sine a feedbak loop atively exites the TF at
varying frequenies maintaining the phase shift on-
stant at -90 Deg and thus keeping it at its resonane
frequeny.
The tungsten tip is mounted on the tuning fork
by means of a ondutive glue to ensure the eletri-
al onnetion with the TF eletrode onneted to
the preamp. Assembling a sharp tungsten tip onto
an eletrially onneted TF has beome a urrent
proedure in our lab, making SR experiments quite
straightforward from this point of view.
The sample is illuminated with time modulated
monohromati X-ray light: a slotted rotating wheel
(hopper) is used to modulate the intensity of the
beam at a frequeny between 1kHz and 5kHz. The
urrent deteted by the tip is demodulated with a
lok-in amplier. The experimental arrangement is
shown in g. 1. The X-ray beam used to obtain the
results presented below had 10
12
photons per seond
in about 10
−4
bandpass on about 4×4 µm2.
The sample onsisted of Ge islands of about 1µm
Figure 1: Experimental setup for ombination of
AFM with X-rays.
Figure 2: a) 3D plot of the urrent owing to the W
tip as it is sanned by the beam. b) Simulation of a).
) ross setions of a) and b). d) urrent from the tip
as a funtion of photon energy aross theL3 edge of
the W tip.
width and 500nm height deposited on a Si substrate.
An in-situ AFM image reveals its topography (gure
4a).
3 Mirobeam interation with
the W tip
The rst step of the experiment is the alignment of
the beam with the tip of the AFM.
The total eletron yeld (TEY) due to tip pho-
toemission produes a measurable urrent whih has
been systematially reorded as the tip is moved in
the XZ plan perpendiular to the beam, thus produ-
ing experimental images of the tip as shown in g. 2
(a) with the respetive proles in g. 2 ().
A harateristi feature of this type of sans is
an inrease in the urrent when the X-ray beam is
at grazing inidene on the tip. This produes the
higher ontrast on the tip edges well visible in g. 2a
and 2b.
The relevant parameters to analyze the experimen-
2
tal results of gure 2a are the linear absorption o-
eient µl (whih is of few mirons for the energy
used), the inelasti mean free path for e
−
in solids λ
(whih is typially of few nm), and the harateristi
energy loss per unit of length i.e., the stopping power
S(E) for eletrons.
In order to quantify the results, we dene the ee-
tive esape depth deff as the depth for whih there
is a probability 1/2 that a photon absorbed at a dis-
tane smaller than 2/3deff will result in one eletron
esaping the tip. The other e
−
go further deep into
the tip and do not esape. The fator 2/3 orresponds
to half the height of a ylinder with the same volume
as a unit sphere, and aounts, in approximation, for
all possible paths of the e
−
.
Considering the omplexity of the photon absorp-
tion proesses, the onversion into eletrons, and how
these eletrons loose their kineti energy, it is lear
that suh a denition is oversimplied. However, it
is suient to take into aount the experimental re-
sults and provide a reasonable analysis.
We alulated the intensity of the urrent i(x, z)
taking into aount the 2D Gaussian beam shape and
the linear absorption length on W for photons of 10
keV (µ = 5.8 µm). The urrent is then given by:
i(x, z) =
∫
I(x, z)
1
3
f(x, z)(1− e−t(x,z)/µl)dxdz (1)
I(x, z) is the Gaussian distribution of the photons,
f(x, z) takes into aount only the number of photons
that are absorbed at a distane smaller than deff
from the surfae and t(x, z) is the length along whih
the absorbed photons produe measurable urrent.
Both f(x, z) and t(x, z) depend on the geometry of
the tip as well as on the geometry of the inidene
and therefore both depend on the parameter deff . If
the radius of the tip is smaller than deff then f = 1
and t(x, z) is simply the thikness t =
√
R(z)2 − x2
with R(z) being the radius of the tip at position z.
If the radius of the tip is muh larger than deff and
the beam is inident on the tip perpendiular to it,
then t(x, z) = deff .
On the basis of this alulation we an now esti-
mate deff . Figure 2a, 2b and 2 show the agree-
ment between measured and alulated urrent ver-
sus the tip position relative to the beam. The only
adjustable parameter is deff . All other quantities
are derived from experimental onditions. From our
experiments, we systematially obtain deff of about
30 nm or less. This is an important gure sine it
indiates how deep probe the surfae is probed and
gives an insight into the best possible lateral resolu-
tion. Negleting any issue of onvolution with the
tip shape, the best possible resolution in TEY olle-
tion annot be better than this value, that in turn is
material dependent.
As a nal remark, we would like to point out that
additional information is oming from the use of a
lok-in in detetion of the TEY signal. In gure 2d
as we san the L3 edge of tungsten, we see the edge
jump both in the X and Y lok-in signals. X is in
phase with the signal, while Y is at pi/2 with a value
lose to zero along all the san exept at the white
line (the peak). A tentative explanation might be
that this is aused by the low energy eletrons that
annot penetrate the barrier.
4 XAS and AFM
We disuss here the possibility of seleting an indi-
vidual partile or a spei region of the sample and
measure XAS (X-ray absorption spetrosopy) signal
with the AFM tip.
Figure 3: Evolution of the urrent as the beam is
moved form the tip to the sample: (I) beam inident
on the W tip, (II) beam passing the tip and the sam-
ple, (III) beam illuminating sample.
In gure 3 we illustrate the evolution of the de-
teted urrent as the beam is moved form the tip
into the sample.
At the beginning, we measure a signal due to beam
on tip (region I). Corresponding phase is lose to
180o. As we further move the beam toward the sam-
ple, we observe a minimum orresponding to the po-
sition where the beam is passing between the tip and
the sample (region II). Moving further, we end up
illuminating the region of the sample below the tip
resulting in a maximum of signal (region III) from
the illuminated sample, the orresponding phase has
3
shifted pi indiating a reversal in the urrent dire-
tion, whih orresponds to detetion of photoele-
trons emitted by sample.
Figure 4: a) In-situ AFM topography image, b) Ge
L3 edge.
After areful alignment of beam, tip apex and sam-
ple, we reorded simultaneously the topographi sig-
nal and the TEY, looking for some sort of hemial
ontrast when passing over one island. We ould not
detet suh a ontrast sine allthe emitted eletrons
within the footprint of the beam (g. 4 islands) are
olleted by the bare tungsten tip. As we will say
below more eort has to be put in engineering tips
for loal measurements.
However, the EXAFS signal from the Ge islands
was deteted. For this the tip was lifted of about
10µm, in order not to worry about AFM ontrol. The
beam energy was varied aross the Ge K edge and the
urrent variation measured. The result is presented
in gure 4b where we plot the urrent owing to the
tip as a funtion of the energy.
From the data, it is possible to observe that the
Ge islands were quite oxidized as indiated by the
presene of a shoulder before the white line [10℄.
From gure 4b it is observed that the jump is about
10 pA whih orresponds to only 5% of the signal.
Sine ≈ 10 islands were illuminated, eah one on-
tributed about 1 pA to the edge. Given the geometry
of the islands and their distane to the tip, the tip
was olleting in a solid angle of ≈ pi/3 Sr. Therefore
only 1/10 of the total emission was measured.
With "smarter tips", (an example of whih would
be an STM tip isolated down to the apex with only
a very small opening (≈ 50nm) at the extremity),
and being lose to the partiles (larger solid angle)
we expet to detet islands at least 10 times smaller
sine signals on pA range and smaller are nowadays
easily measured. Moreover, from gure 4b, we see
that most of the signal omes from the bakground.
A "smarter tip" tip would dramatially redue the
bakground allowing a more eetive ampliation
of the signal without saturation.
5 Diration and AFM
We disuss here how Bragg reetions an be mea-
sured through olletion of dirated beams by the
tip.
In typial diration experiments, the detetor is
loated about one meter away from the sample and
ollets photons in a very small solid angle, to pro-
vide a very high angular resolution. The use of STM
tips to detet the dirated photons annot give the
same angular resolution, but instead, an give a very
high spatial resolution apable of resolving beams
dirated from dierent nanoareas as illustrated in
gure 5a.
The oarse alignment of the Ge (311) reetion for
an energy of about 11keV orresponds to a θ angle of
about 12o. The ne alignment has been arried out
using exlusively the AFM tip sanning θ for a set of
dierent azimuthal angles φ (g. 5b).
Figure 5: a) sheme illustrating how dierent areas
an be resolved b) photourrent from the W tip as a
funtion of the inidene angle θ , and azimuthal φ.
The Bragg onditions are meet at θ = 12.35 Deg
and φ = 88.7Deg. As an example, the results ob-
tained using the tip as a photon detetor while a-
quiring simultaneously an AFM topography image
are here reported. When in Bragg onditions, the
urrent signal shows a signiant ontrast (g.6b)
that disappears ompletely when the sample is not
in Bragg onditions.
Unlike the absorption ase a small ontrast ould
be obtained. The reason is beause the photons are
emitted in a very well dened diretion. From the
ontrast in gure 6b, orresponding to 0.2 % (≈ 2pA)
of the total signal, we an identify eah of the islands
shown in the topographi image of g. 6a.
The partiles are seen as darker holes, sine the
dirated photons impinging on the W tip extrat
eletrons away, whih auses a derease in the over-
all urrent whih is mainly due to the eletrons pho-
toemitted from the sample.
The AFM image is distorted beause of a tip ef-
fet. The sample being the same as in gure 4a, the
4
Figure 6: (a) AFM image; (b) urrent image: the
ontrast in the urrent image in whih we see the
Ge islands as holes, is beause the tip ollets the
dirated x-rays whih subtrats from the photoele-
trons.
systemati deformation has to be attributed to the
tip whih beame blunt after several hours of usage.
Here again, the ontrast observed as the tip uts
through the array of dirating beams would be
strongly enhaned using a "smarter tip" sine it
would strongly diminish the more or less onstant
bakground of photoeletrons. It would also prevent
photoeletrons generated in the tip, far from its apex,
to esape away inreasing the angular resolution in
the sattering plane.
6 Perspetives
In a dierent experiment with other groups, we are
also trying to measure diration from an individual
nano rystal while the AFM tip mehanially inter-
ats with it.
Finally, with the urrent trend toward SR
"nanobeams" it will be harder and harder to tell
whih part of the sample is being investigated. It
is our believe that the tehniques desribed here will
have an important impat in this ontext.
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